The genetic structure of a population of Sinorhizobium meliloti (formerly Rhizobium meliloti) isolated from nodules of alfalfa (Medicago sativa cv. Europe) or isolated directly from the soil using an elective medium and colony hybridization was assessed by three molecular methods. Sixty-seven S. meliloti isolates were obtained from alfalfa nodules and 61 directly from soil. Plasmid profiles of S. meliloti isolates were analyzed as well as insertion sequence (IS) fingerprints using probes corresponding to the two indigenous IS elements : ISRm1 and ISRm5. The presence of a gene involved in nodule forming efficiency (nfeA gene) was also determined by PCR using specific primers, among S. meliloti isolates. Plasmid profile analysis revealed the presence of 23 distinct plasmid types among the 128 isolates tested and the distribution of plasmid types was significantly different between isolates obtained from nodules and isolates obtained from soil. The distributions of plasmid types among S. meliloti nodule isolates were similar to those in a collection of nodule isolates obtained from the same field 8 years previously. We have thus demonstrated that the distribution of plasmid types in alfalfa nodules has not varied over long periods in the absence of the host plant. IS fingerprinting was more discriminative than plasmid profiling as a total of 65 distinct IS genotypes were found among the same isolates. The distribution of IS genotypes was different between isolates obtained from nodules and those isolated from soil. These results suggest that sampling S. meliloti populations using the host plant may not be representative of existing soil populations. Genes like nfeA were detected in neither the nodule nor soil isolates. The dominant plasmid type in nodule isolates (30% of the population), carrying a large plasmid of 230 kb, is poorly represented among soil isolates (8%). This result suggests that this plasmid might be involved in the competitiveness of S. meliloti strains. z 1998 Federation of European Microbiological Societies. Published by Elsevier Science B.V.
Introduction
Sinorhizobium meliloti, the microsymbiont of legumes belonging to the three genera Medicago, Melilotus and Trigonella, is ubiquitous in soils with pH values above 6 [1, 2] . Native soil populations of S. meliloti are of agricultural importance as a pool of genetic material which may be used to yield superior inoculant strains. However, they can also be problematic in that they are frequently strong competitors for nodulation reducing the e¤cacy of commer-cial inoculant strains [3] . The diversity of S. meliloti populations isolated from nodules of Medicago and Melilotus species is now well documented. This diversity, assessed by phenotypic or genotypic analysis, has been reported to be in£uenced by several factors, including location [4, 5] , plant species, cultivar and individual plant [5, 6] . The diversity of isolated S. meliloti populations is invariably not uniform. Populations isolated from nodules are usually dominated by a single member regardless of the typing method used. For example a collection of 32 S. meliloti isolates obtained from Medicago sativa nodules had 16 SDS-PAGE protein pro¢les. One of these was found in 12 of the isolates (37.5%) and was therefore dominant [7] . Ninety-six strains isolated from nodules of alfalfa (M. sativa) grown in a soil with no history of alfalfa cultivation revealed 17 plasmid pro¢les with one of these found in 28% of the isolates [8] . Likewise, a collection of 125 S. meliloti isolates obtained from an agricultural soil revealed 24 plasmid pro¢les groups with a dominant one found in 38% of the isolates examined [9] . In another study, four dominant plasmid pro¢le groups were found among ¢ve locations studied; one plasmid group was reported as dominant in four of the ¢ve locations, with 257 0% of the 20 strains studied for each location [4] . Among the 55 phage types described, Brom¢eld et al. [10] have found one dominant phage type in one site, whereas no dominance appeared in another site located nearby. Thus, dominance by one or two groups of strains seems to be the general rule for nodule occupancy by indigenous S. meliloti. Dominant groups have been reported to remain relatively stable in percentage over time, at four of the ¢ve locations studied, and to increase in only one location, after 6 months for the same crop of alfalfa [4] . A dominant group has also been reported to increase in percentage after 2 years of alfalfa cultivation [7] . However, data concerning the stability of the dominance phenomenon over longer periods of time are needed, speci¢cally in the absence of selection pressure through alfalfa cultivation.
All the results reported here were obtained with S. meliloti strains isolated from nodules, i.e. they were selected by the legume plant from the indigenous soil population without reference to their relative numbers within the soil. This sampling procedure for S. meliloti soil population represents a severe limitation for understanding the dominance mechanism. Dominance may be due to a higher competitiveness for nodulation of a group of strains or, alternatively, to a higher abundance of this group in the soil [10] . Nodulation has also been reported to be an important factor for the enrichment of soil in rhizobia [111 3] . One can hypothesize that a type of strain which dominates in nodules becomes more abundant in soil when it is released from the nodules. Thus, a comparison between soil and nodule isolated strains may give an insight into dominance. Methods have recently been developed to isolate Rhizobium and Bradyrhizobium strains directly from soil [14^19]. Symbiotic and non-symbiotic Rhizobium leguminosarum were isolated directly from soils containing indigenous populations of this bacterium [14^17]. To our knowledge, there is only one report of direct isolation of S. meliloti from soil [20] . In this study, plasmid pro¢les of the S. meliloti isolates were not studied and the nodulating population was isolated from plants grown in a controlled environment cabinet on a sand and grit mixture inoculated with a soil suspension.
Our objectives were (i) to determine if the dominant S. meliloti strains in alfalfa nodules remain the same after several years without alfalfa cultivation, (ii) to compare the genotypic diversity of S. meliloti strains isolated from the nodules of alfalfa grown in the ¢eld or isolated directly from the soil and (iii) to monitor the presence of the nodule dominant plasmid type in the soil. Plasmid pro¢ling was used as a primary typing method since megaplasmids carry symbiotic genes and another large plasmid were found to be involved in the competitiveness of S. meliloti strains for nodulation [21^23] . The presence of a gene involved in nodule forming e¤ciency (nfeA gene) was also monitored by PCR using speci¢c primers, among S. meliloti isolates. Insertion sequence (IS) typing was used to assess genetic similarity among isolates [9, 24, 25] .
Materials and methods

Soil and sampling site
The experimental site was situated at INRA, Bretennie éres, France. The site (0.3 ha ¢eld) was previ-ously investigated in November 1983 for the diversity of S. meliloti populations nodulating alfalfa [9] . The soil was a clayey eutric cambisol, with 40% clay and a pH of 6.8. Between 1983 and 1991, the ¢eld had been cropped with oats, wheat and other legumes, but not alfalfa. During the spring of 1991, alfalfa (M. sativa cv. Europe) was sown again without inoculation in this ¢eld. Nodules and soil samples were collected in October 1991. The number of indigenous S. meliloti, as estimated at the time of sampling by the most probable number (MPN) method using fourfold dilutions [26] , was 3U10 R (95% con¢dence limits : 1U10 R , 7U10 R ) per gram of dry soil.
Bacterial strains and plasmids
A total of 67 isolates of S. meliloti were isolated from nodules collected on 10 alfalfa plants randomly sampled in the ¢eld. Bacteria were isolated and puri¢ed on yeast extract mannitol agar (YEMA) by standard methods [26] . Isolates were then frozen in 15% (v/v) glycerol at 380³C for long-term storage. S. meliloti strain RCR2011 (= SU47) was obtained from the Rothamsted Collection of Rhizobium and was used as a reference strain for all Southern blot hybridization experiments.
Isolation of S. meliloti from soil
Ten soil samples (0^20 cm depth) adjacent to the collected alfalfa plants were taken, pooled and sieved to a maximum particle size of 3 mm. 10 g of the pooled soil was re-suspended in 100 ml of sterile water and shaken at 200 rpm for 30 min. Tenfold serial dilutions of the soil suspension prepared in sterile water were then spread on plates containing modi¢ed YEMA medium. Modi¢ed YEMA medium contained only 1 g l 3I of mannitol rather than 10 g l 3I to reduce the production of exopolysaccharides by the bacteria. Modi¢ed YEMA was also supplemented with cycloheximide 100 mg l 3I , benomyl 10 mg l 3I and quintozene 5 mg l 3I , to inhibit the growth of fungi. The total number of bacteria growing on this medium was estimated to be 4.5U10 T ). Colonies from plates containing approximately 1000 CFU were lifted on nitrocellulose membranes (Schleicher and Schuell). Cells were lysed [27] , the membranes incubated for 1 h at 37³C in a bu¡er containing: pronase E (Sigma), 1 mg ml 3I ; Tris-Cl, 10 mmol l 3I ; Na P EDTA, 10 mmol l 3I ; SDS, 0.5% (w/v); pH 8.0, and then washed in 2USSC (NaCl, 0.3 mol l 3I ; Na-citrate, 30 mmol l 3I , pH 7). DNA was then cross-linked to the membrane by UV irradiation for 3 min. Membranes were hybridized with a probe corresponding to genomic DNA of a S. meliloti ¢eld isolate MSDJ1145, isolated from the same location in 1983 [9] . This probe was found to hybridize strongly to colonies of all the S. meliloti collection strains and ¢eld isolates tested (36 strains, data not shown). Among 19 Rhizobiaceae strains tested, other than S. meliloti, only one strain of Bradyrhizobium sp. (Lupinus) gave a positive hybridization signal (data not shown). The probe was labelled by random priming using the Dig-DNA labelling kit (Boehringer Mannheim). Immunological detection of DNA hybrids was done following the manufacturer's instructions and using the chemiluminescent substrate AMPPD (Boehringer Mannheim). Bacteria from the colonies giving a positive hybridization signal were picked up from the master plate stored at 4³C. Bacteria were then stored in the same way as described for nodule isolates.
Characterization of S. meliloti isolates
S. meliloti isolates were characterized using previously described methods [9] . Plasmid pro¢ling and insertion sequence typing based on the two indigenous insertion sequences ISRm1 and ISRm5 were realized on isolates from both nodules and soil. Total genomic DNA of S. meliloti isolates was digested with EcoRI. Inserts of plasmids pRWRm13 [28] and pRWRm61 [29] were used as ISRm1 and ISRm5 probes respectively. Bacteria were con¢rmed to be S. meliloti by nodulation tests conducted on duplicate axenic alfalfa plants [26] . Strains were grouped according to their plasmid pro¢les as described previously [9] . Similarity among strains was estimated from the combined ISRm1 and ISRm5 hybridization data, using the simple matching coe¤cient to compute the distance matrix (NTSYS, Exeter Software, New York). The UPGMA method was used to build the similarity tree from the distance matrix (using the NTSYS software). Statistical analysis of the data was done using the M P method found in the STATITCF software (ITCF, 1991, Paris, France).
PCR detection of nfe-like genes
The two oligonucleotide primers P6 (5P-AGC CGC TGG TTC AGA CGT AA-3P) and F2 (5P-TCG ATA TCT TCG AGC ACA GA-3P) speci¢c to the nfeA region of S. meliloti strain GR4 were used to detect the presence of nfe-like sequences in S. meliloti isolates [23] . PCR reactions were done in the conditions described by these authors. PCR templates used were diluted (1 Wg ml 3I ) DNA solutions. PCR reactions were carried out in a 25 Wl volume containing 2.5 Wl of template DNA, 50 pmol each of the two primers, 0.4 mM deoxynucleoside triphosphate, and 2 U of Taq polymerase (Appligene, France). PCR was performed with an Omnigene DNA thermal cycler (Hybaid, UK). Cycles used Table 1 Grouping of S. meliloti isolated from soil and from alfalfa nodules according to their plasmid pro¢les +: a band of mobility equivalent to that of SU47 megaplasmids is visible, 3: no such band visible. S. meliloti isolates from this study. S. meliloti isolates described in Hartmann and Amarger [9] .
were as follows: 1 cycle at 95³C for 5 min; 30 cycles at 94³C for 1 min, at 61³C for 1 min, at 72³C for 1 min; 1 cycle at 65³C for 15 min. S. meliloti strain GRM10 (GR4 derivative containing nfe genes [30] ) was used as a positive control for nfe ampli¢cation and strain GRM6 lacking nfe genes was used as a negative control.
Results
Isolation from soil of S. meliloti strains
The number of colonies growing on modi¢ed YEMA medium which hybridized to the probe was 2U10 R per g of dry soil, and was in agreement with Fig. 1 . Examples of ISRm1 (A) and ISRm5 (B) hybridization patterns of S. meliloti isolates from nodules and soil. Total DNA of the strains was digested with EcoRI. A: Lane 1: RCR2011, size of hybridizing fragments in kb 20.0, 9.8, 4.8, 4.4, 3.6, 3.2, 2.9, 1.9; lanes 21 6, 26 and 27: soil isolates m2490, m2491, m2496, m2487, m2499, m2506, m2507, m2508, m2509, m2511, m2671, m2672, m2686, m2687, m2688, m2489 and m2498, respectively ; lanes 17^25 : nodule isolates m1943, m1944, m1945, m1946, m1954, m1955, m1964, m1965 and m1966, respectively. B: Lane 1: RCR2011, size of hybridizing fragments in kb 15.5, 12.8, 10.2, 9.2, 6.8, 5.6, 4.8, 3.6 and 1.5; lanes 2^o 14, 26 and 27: soil isolates m2681, m2683, m2686, m2687, m2688, m2491, m2495, m2499, m2502, m2506, m2509, m2511, m2512, m2514 and m2516, respectively ; lanes 15^25 : nodule isolates m1943, m1948, m1949, m1950, m2081, m2082, m2083, m2085, m2090, m2101 and m2102, respectively. the number of S. meliloti estimated by the MPN method (3U10 R per gram of dry soil). Sixty-one strains, hybridizing strongly to the total DNA probe, were isolated by this method from 30 modi¢ed YEMA plates. All isolates were found to be able to nodulate alfalfa and to ¢x nitrogen (plant dry matter production on nitrogen free medium) compared to the reference strain RCR 2011 (data not shown).
Plasmid pro¢ling of S. meliloti isolates
Plasmid analysis of the 128 isolates obtained from nodules or directly from the soil revealed 23 plasmid groups (Table 1) . Eleven plasmid types were encountered in both soil and nodule isolates, nine were found only in nodule isolates, and three only in soil isolates. Plasmid types encountered only in nodule or soil isolates accounted for only 14 isolates among the 128 tested (11%). The plasmid group D.E. was dominant and was found in 30% of nodule isolates. These isolates carried a large plasmid (average size of 220 kb) in addition to the megaplasmids. Only 8% of the isolates from soil belonged to the plasmid group D.E. Isolates from soil belonged predominantly to plasmid groups N (megaplasmids plus two large plasmids with an average size of 173 and 153 kb respectively) and C (megaplasmids plus one large plasmid with an average size of 153 kb). These two plasmid groups were found in 28 and 21% of the soil isolates, respectively. The distribution of the 13 plasmid types comprising more than one isolate was compared between soil and nodule isolates. Chisquare analysis (M P IP = 25.19) showed that the two distributions were signi¢cantly di¡erent (P = 0.014).
To determine the evolution of the nodulating population with time, the distribution of plasmid types among nodule isolates was compared with the distribution observed in 1983 in the same site [9] . Thirty plasmid groups were found within the two populations (Table 1) , 15 plasmid groups were found in both populations sampled at an 8 year interval. Plasmid types found in only one population account for only 9% and 16% of the nodule isolates sampled in Table 2 Distribution of IS genotypes among the 128 S. meliloti isolates from nodules and soil (only genotypes comprising more than one isolate are listed)
IS genotype
Number of isolates from soil (% of total)
Number of isolates from nodules (% of total) Plasmid types associated with the various IS genotypes are given in parentheses.
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1991 and 1983, respectively. The distribution of the 18 plasmid types comprising more than one isolate was compared between the two sampling dates. The two distributions were not signi¢cantly di¡erent (M P IU = 23.31, P = 0.14).
IS ¢ngerprinting of S. meliloti isolates
Analysis of ISRm1 and ISRm5 hybridization patterns determined for each of the 128-member collection revealed 43 distinct pro¢les in nodule isolates, and 40 distinct pro¢les in soil isolates. Samples of hybridization patterns using ISRm1 or ISRm5 as a probe are shown in Fig. 1 . The apparent copy number (number of hybridizing fragments) varied from 0 to 10 for ISRm1 and from 3 to 12 for ISRm5. All strains hybridized with the ISRm5 probe, 14 isolates did not hybridize with the ISRm1 probe. Sixty-four IS genotypes (designated 1^64) can be distinguished by combining data from the ISRm1 and ISRm5 hybridization patterns. Distributions for nodule and soil isolates of IS genotypes comprising more than one isolate are given in Table 2 . Chi-square analysis (M P PI = 42.11) showed that the two distributions were signi¢cantly di¡erent (P = 0.004). Isolates were grouped according to the similarity of their ISRm1 and ISRm5 hybridization patterns. The resulting dendrogam is shown in Fig. 2 . Plasmid groupings of the isolates are indicated in the same ¢gure. Isolates from the same plasmid group might have identical or closely related IS genotypes (plasmid groups W1, L and N for example). In contrast, plasmid groups A and C are composed of isolates having distantly related IS genotypes (Fig. 2) . Isolates having the same IS genotypes may have di¡erent plasmid pro¢les (Table 2) . IS genotypes 6, 31, 37, 40, 41 and 63 comprise isolates harboring two, three or four distinct plasmid pro¢les.
Absence of nfe-like sequences in S. meliloti isolates
The reference strain GRM10 reproducibly gave a PCR product of the expected size (1400 bp) corresponding to the nfe sequence. The strain GRM6, lacking nfe genes, never gave such a product. None of the S. meliloti isolates gave a similar PCR product (data not shown). Lower annealing temperatures were tested but no ampli¢cation was observed for our isolates.
Discussion
S. meliloti sampling from soil and nodules and characterization strategy
Population size estimated for S. meliloti in soil sample using a selective medium and a speci¢c probe gave a result equivalent to those determined using the plant infection MPN method. The collection of S. meliloti strains isolated from soil using the plating method is therefore presumably representative of the in situ population. In our experiment, nodule isolates were obtained from plants grown in the ¢eld, thus Fig. 2 . Genetic similarity of S. meliloti isolates based on ISRm1 and ISRm5 ¢ngerprinting. The number of nodule isolates (n) and soil isolates (s) are given for each IS genotype (1n, 2s means one isolate from nodules, and two from soil) and corresponding plasmid types are given on the right. The distances were estimated using the simple matching coe¤cient and the dendrogram was built from the distance matrix using the UPGMA method.
re£ecting the overall e¡ect of soil conditions. This was not the case with a previous study where plants were grown on a sand and grit mixture in a controlled environment cabinet [20] .
In this work, we used plasmid pro¢le analysis as a primary typing method to check the presence of megaplasmids in S. meliloti isolated from soil, and also to be able to compare the results with those obtained in a previous study 8 years ago in the same ¢eld [9] . IS genotyping, a highly discriminative method, was used to ascertain the genetic structure of S. meliloti populations.
All but one of the S. meliloti isolates from soil carried megaplasmids and all of them were able to nodulate and ¢x nitrogen in symbiosis with alfalfa, thus only symbiotic S. meliloti were isolated from soil. This result contrasts with the relatively large numbers of non-symbiotic R. leguminosarum isolated from soils [14^17]. This may indicate that genes essential for the survival of S. meliloti in soils are located on the very large Sym megaplasmid and thus linked to symbiotic genes. This would explain the absence of non-symbiotic S. meliloti in soils.
Diversity among S. meliloti isolates
IS genotyping was found to be more discriminative than plasmid pro¢ling (65 IS genotypes against 23 plasmid types) among the 128 isolates from soil and nodules tested. The number of IS genotypes was found to be signi¢cantly higher than that previously reported [20] . In this study, Brom¢eld et al. [20] found only 17 IS genotypes among 293 S. meliloti isolates obtained from soil and nodules of two species of Medicago. The lower overall diversity observed by these authors, compared to that obtained in our study, may be due to intrinsic soil properties, to the selection of some genotypes of plants grown in a controlled environmental cabinet or to the fact that soils had been under alfalfa cultivation for many years. As shown in Fig. 2 , plasmid types and IS genotypes are not totally independent characters for S. meliloti isolates. This is not surprising since copies of ISRm1 for example are located on cryptic plasmids (data not shown).
The typing methods used gave highly reproducible results which could be compared with results from other studies over time.
Stability of S. meliloti nodulating populations over time
We were able to compare the distribution of plasmid types among S. meliloti nodules isolates sampled before and after an 8 year interval without alfalfa cultivation. No signi¢cant di¡erence between the two distributions was observed, and the same plasmid type remained dominant in nodules of M. sativa cv. Europe. This result indicates that plasmid content of nodulating S. meliloti isolates remains stable even in the absence of the host plant over long periods.
Nodulating S. meliloti population versus soil population
Populations of S. meliloti isolated from nodules were di¡erent from those isolated from soil. We have demonstrated that the distribution of plasmid types and IS genotypes is markedly di¡erent between S. meliloti isolates sampled from alfalfa nodules or directly from the soil. The dominant plasmid type in nodule isolates is poorly represented among soil isolates, thus indicating that dominance in nodules of plasmid type D.E. is due to the higher competitiveness of these isolates for nodule formation. Brom¢eld et al. [31] hypothesized that the distribution of S. meliloti types in soil strongly in£uences the distribution of types among nodule isolates, this does not appear to be the case in our study.
The large plasmid of 220 kb present in these isolates might be involved in their higher competitiveness. Toro and Olivares [21] described a large plasmid pRmeGR4b with a size of 212 kb (140 MDa) in S. meliloti strain GR4. This plasmid was found to be involved in the competitiveness of S. meliloti strains [22] . Genes involved in nodule forming e¤ciency, nfe genes, were cloned and sequenced from this plasmid [22, 32] . Using ampli¢cation of pRmeGR4b speci¢c sequences Villadas et al. [23] demonstrated that this plasmid is widespread in nodulating S. meliloti isolates sampled in ¢ve ¢eld sites. Here we present strong evidence of the possible involvement of a large plasmid of equivalent size (220 kb) in the competitiveness of the isolates by comparing S. meliloti soil and nodule populations. However, we were unable to detect nfe genes by PCR in our isolates using the primers described by Villadas et al. [23] . This may be due to the divergence of the nfeA sequence between strains from di¡erent geographical origin, or to the choice of the position of the primers which are located in the £anking regions of nfeA. The use of another set of primers targeted within the coding region of nfeA would make it possible to answer this question.
Further developments of our study would be to measure the relative competitiveness for nodulation of S. meliloti isolates harboring or not this large plasmid of 220 kb in ¢eld conditions, and to con¢rm by probing the absence or presence of nfe-like genes on the large 220 kb plasmid.
